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INTRODUCTION 


A systems  analysis  of  Army  naads  for  rfwttan  in  tha  1968  tima  frame  revealed  that 
the  requirements  for  lightweight  tentage  of  low  package  bulk  with  minimum  setup  and 
disassembly  times  might  be  most  affectively  achieved  by  a tent  wrth  a frame  of  highly 
prewurized  (competed  with  present  air  "jpported  tents)  structure!  elements  supporting 
a litfitweight  fabric  barrier,  as  illustrated  in  Figure  1.  Since  the  structural  elements  are 
prmure  stabilized,  they  can  be  fabricated  hum  lightweight,  flexibile  materials  such  as 
doth,  thus  reducing  the  weight  and  bulk  of  the  transport  configuration.  The  use  of  bladders 
or  coated  fabric  for  ttaee  elements  should  provide  sufficient  air  retention  capability  to 
eliminate  the  need  for  the  continuous  air  aipply  required  by  current  air  supported  tents. 

The  use  of  htyer  preswre  would  allow  the  reduction  of  the  number  and  cross  section 
size  of  the  supporting  elements  in  comparison  with  present  double  wall  *ir  supported 
tents.  However,  the  degree  to  which  this  could  be  accomplished  was  not  known  because 
insufficient  data  ware  amiable  on  the  manner  in  which  the  strength  and  deformation 
of  pressure  stebilized  structural  elements  depends  on  preswre  level,  element  geometry  and 
mechanical  properties  of  the  skin  material.  As  a result  an  investigation  to  develops  the 
data  necessary  for  the  design  of  tents  using  pressure  stabilized  structural  elements  was 
undertaken.  The  approach  followed  in  this  investigation  was  the  development  of  a theory 
to  predict  the  deformation  behrvior  under  load  and  the  verification  of  this  theory  through 
correlation  with  experimental  results.  A detailed  presentation  of  the  theory  is  given  in 
reference  (1)  along  with  a general  discussion  of  the  theoretical  results.  The  purpose  of 
this  report  is  the  presentation  of  the  experimental  procedures  and  results  for  the  behavior 
of  presftjre  stabilized  beams  under  load  and  their  correlation  with  the  theoretical  predictions 
to  demonstrate  the  validity  of  the  theory. 

Previous  experimental  work  of  a similar  nature  (reference  2)  concerned  the  behavior 
of  inflated  coated  metal  fd>ric  beams  subjected  to  pure  bending,  shear  loading  and  torsion. 
This  work  covered  the  pressure  range  from  0 to  82,737  Pa  (0  to  12  psi)  and  beams  with 
length  Jo  diameter  ratio  ranging  from  14  to  16.  Thu*  left  considerable  neeu  fer  extending 
the  range  of  geometry  and  inflation  pressure  levels  so  that  the  accuracy  of  theoretical 
prediction  could  be  established  by  comparison  with  experimental  results.  In  addition, 
it  was  desired  to  use  materials  typical  of  those  envisioned  for  use  in  tentage  structures. 

Experimental  procedures  to  measure  the  strength  and  deformation  of  beams  under 
load  and  to  determine  the  mechanical  behavior  of  the  skin  materials  are  described.  The 
material  stiffness  in  tension  and  shear  are  shown  as  a function  of  stress  level.  The 
experimental  results  presented  for  beams  depict  the  flexibility  and  wrinkling  load  as  a 
function  of  presure  level  for  beams  subjected  o a concentrated  load  at  mid  span. 
Comparison  of  these  experimental  results  with  theoretical  predictions  are  also  shown. 
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The  experimental  investigation  was  carried  out  in  two  phases;  the  first  being  loading 
tests  of  pressure  stabilized  boams  to  confirm  the  validity  of  the  bending  thoory  developed 
in  reference  1 and  the  second  being  the  measurement  of  the  elastic  modulus  and  shear 
modulus  of  the  fabric  materials  used  in  the  fabrication  of  the  beams. 

Beam  Banding  Tests 

The  objective  of  these  tests  was  to  measure  the  deformation  behavior  and  load  carrying 
capacity  of  pressure  stabilized  beams  for  several  geometries,  inflation  pressure  levels  and 
materials.  The  flexibility,  that  is  the  deflection  per  unit  load,  was  taken  as  the  measure 
of  the  deformation  and  the  wrinkling  load  was  used  as  the  measure  of  load  carrying 
capability.  The  wrinkling  load  is  defined  as  the  load  at  whk^  the  maximum  compressive 
stress  due  to  bending  is  equal  in  magnitude  to  the  tensile  stress  due  to  r««urization; 
thus  any  further  increase  in  the  bending  load  would  cause  wrinkling  of  the  fabric. 

A schematic  illustration  of  the  experimental  setup  for  measuring  the  deformation 
behavior  and  load  carrying  capacity  of  beams  in  bending  is  shown  in  Figure  2 and  a 
photograph  of  the  actual  test  apparatus  is  shown  in  Figure  3.  The  beams  were  fabricated 
from  woven  fabric  with  a butyl  rubber  inner  tube  us*d  for  a bladder.  The  fabric  cylinders 
were  fabricated  from  flat  stock  by  sewing  a seam  along  the  length  of  the  cylinder  as 
is  evident  in  Figure  3.  Experimental  results  were  obtained  for  beams  made  of  vinyl-coated 
nylon  and  heat  set  dacron  fabrics.  The  characteristics  of  these  fabrics  are  given  in 
MIL-C-43086B  Type  I and  Ml  L-C-43347D  Type  I respectively.  Th\  beam  ends  were  sealed 
for  pressurization  by  damping  the  fabric  and  bladder  in  a grooved  end  cup  with  a hose 
clamp.  Details  of  this  sealing  technique  are  shown  in  Figure  4.  Beams  of  0.6,  0.9  and 
1.2  m length  all  having  a 0.064  m diameter  cross  section  were  tested  for  both  the  nylon 
and  dacron  fabrics.  The  experiments  cover  the  pressure  range  from  34,500  to  207,000  Pa 
(5-30  psi). 

f As  shown  in  Figure  3 the  test  apparatus  was  mounted  in  a Tinius-Olsen  testing  machine 

which  was  used  as  a loading  device.  Concentrated  loads  were  applied  at  the  center  of 
the  beam  using  a webbing  2.54  cm  wide  wrapped  around  the  periphery  of  the  beam. 

= This  webbing  was  attached  to  the  moving  head  of  the  testing  machine  with  a 0.0063  m 

diameter  steel  cable.  Uniform  rate  loading  was  used  with  the  load  magnitude  being 
measured  by  a strain  gauge  load  transducer  the  output  of  which  was  recorded  on  a strip 
chart  recorder  after  amplification.  The  loading  rate,  although  not  specifically  measured, 
was  felt  to  be  sufficiently  slow  so  as  to  preclude  significant  influence  of  any  rate  effects 
exhibited  by  the  nylon  and  dacron  skin  materials.  Typical  loading  times  from  no  load 
to  wrinkling  load  were  10-20  sec.  The  displacement  was  measured  at  the  point  of  load 
application  using  a direct  current  linear  variable  differential  transformer  with  its  output 
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Figwe  2.  Schematic  Diagram  of  Experimental  Apparatus 
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also  recorded  on  a strip  chart  recorder.  Typical  outputs  for  both  load  and  displacement 
are  presented  in  Figure  5.  As  shown  3 tests  were  conducted  at  each  pressure  level.  The 
ends  of  the  beam  were  supported  normal  to  the  bear,i  ixis  to  p'event  transverse  deflection 
of  the  beam  ends  and  the  ends  were  restrained  against  rotates  about  an  axis  norma1 
to  the  beam  axis  to  simulate  fixed-end  or  clamped  conditions.  The  beam  end  supports 
were  mounted  in  axial  rollers  so  that  the  ends  were  free  to  move  parallel  to  the  beam 
axis. 


To  facilitate  the  comparison  of  the  experimental  results  obtained,  the  measured  force 
and  displacement  were  converted  to  the_nondimonsional  parameters  used  in  the  theory. 
The  measured  transverse  displacement  W is  converted  to  nondimensional  form  by  the 
relation: 


W = W/a 


where  W is  the  nondimensional  displacement  and  a is  the  cross  section  radius.  Conversion 
of  the  measured  force  F to  the  nondimensional  force  parameter  g is  illustrated  in  Figure  6. 
The  nondimensional  force  parameter  g is  defined  as 

i r27r 

g = -= G(9)Sin(e>  d0 

C I I 7T  Jo 


where  C,  j is  a reference  value  of  the  elastic  modulus  and  G(8)  is  a line  load  distribution 
on  the  periphery  of  the  beam  as  illustrated  in  Figure  6.  Since  the  webbing  contacts 
the  beam  over  only  a portion  of  its  circumference  the  limits  on  the  integral  can  be  changed 
giving 


C,  , tr 


- rr/2— a 

G(B}Sin(0)  d0 

■ — 37r/2+a 


The  line  load  also  acts  on  the  webbing  which  must  be  in  equilibrium  and  therefore  the 
following  relation  must  hold: 

7t/2  -<x 

F = j G(0}Sin(0)  a d0 
" — 37r/2+a 

Comparison  of  the  expressions  for  g and  F reveals  the  following  relation  : 


9 — F/C  j j tfa 


which  is  the  desired  expression  for  nondimensionalizing  the  force  parameter. 
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Using  these  expressions  for  conversion  of  the  physical  measurements  to 
nondimensional  form  we  can  obtain  expressions  for  the  nondimens-onal  wrinkling  load 
and  flexibility.  If  the  subscript  w denotes  wrinkling  then  the  nondimensional  wrinkling 
load  is  given  in  terms  of  the  physical  wrinkling  load  as: 

9w  = F w/*aC  1 1 

The  magnitude  of  Fw  is  determined  experimentally  by  finding  the  value  of  F for  which 
the  loading  curve  becomes  nonlinear.  As  is  evident  from  Figure  5 this  nonlinearity  takes 
the  form  of  a diacontinuity  or  jump  during  which  the  load  remains  essentially  constant 
and  the  deformation  continues  at  a uniform  rate.  The  discontinuity  occurs  in  the  loading 
curve  because  the  testing  machine  imposes  a uniform  rate  of  deformation. 

The  flexibility  is  the  transverse  displacement  due  to  a unit  load  which  in 
nondimensional  form  ;s: 

7 = W/g 

Substituting  the  expressions  for  W and  g gives  the  following  expression  for  the 
nondimensional  flexibility  in  terms  of  the  measured  force  and  displacement: 

7 = xC,  , W/F 

Determination  of  Material  Properties 

To  make  a theoretical  prediction  of  the  experimental  results  obtained  using  the 
procedures  described  above  it  was  necessary  to  know  the  elastic  and  shear  moduli  of  the 
beam  materials.  These  moduli  or  stiffnesses  were  determined  from  the  results  of  a tension 
test  and  torsion  test  respectively.  Although  these  tests  were  very  similar  to  those  commonly 
used  they  were  performed  on  specimen  in  their  pressurized  state  of  stress.  Testing  in 
this  manner  yields  stiffnesses  relative  to  a state  of  stress  very  close  to  that  present  in 
the  bending  tests.  That  is,  uniaxial  tension  or  shear  superimposed  on  biaxial  tension 
resulting  from  internal  pressure  in  the  cylinderical  specimen.  The  moduli  were  measured 
using  relatively  small  excursion  from  the  pressurized  state  of  stress  and  the  behavior  was 
assumed  to  be  linear  over  these  excursions.  Thus  for  a given  value  of  pressure  the  elastic 
and  shear  moduli  are  constants.  However,  because  of  the  significance  of  biaxial  stress 
effects  in  fabrics  and  the  nonlinear  stress-strain  behavior  of  nylon  and  dacron  these  moduli 
were  in  general  found  to  be  a function  of  the  pressure  level.  This  testing  procedure 
had  the  additional  advantage  of  yielding  the  moduli  of  the  fabric  skin-buty!  rubber  bladder 
composite,  and  although  the  bladder  is  thought  to  make  little  contribution  to  the  stiffness 
any  contribution  is  included. 
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Elastic  Modulus.  As  indicated  above  the  elastic  modulus  was  determined  from  the 
results  of  a tension  test  which  is  shown  schematically  in  Figure  7.  The  test  is  performed 
in  the  usual  manner,  applying  an  axial  force  F and  measuring  its  magnitude  along  with 
the  corresponding  elongation,  e.  The  theory  (reference  1)  requires  knowledge  of  the 
constant,  C«,,  relating  the  stress  resultant,  N,,,  and  the  strain,  e, , as 

N|  i = C|  1 6|  | 

Thus  C, , is  the  slope  of  the  stress  resultant  - strain  curve  and  can  be  computed  from 
the  force-elongation  curve  generated  from  the  tension  test  by  t re  expression 

C 1 1 = lg  AF/2xa  Ae 

where  AF  and  Ae  are  respectively  increments  applied  force  and  specimen  elongation 
and  lg  is  the  specimen  gauge  length  and  a is  the  specimen  radius.  In  the  tests  conducted 
gauge  length  and  specimen  radius  respectively  were  0.165-m  and  0.032  m.  Typical  force 
and  elongation  plots  from  these  tests  are  shown  in  figure  8. 

Shear  Modulus.  The  shear  modulus  was  determined  from  the  results  of  a torsion 
test  as  shown  schematically  in  Figure  9.  This  test  is  performed  by  applying  a torque, 
T,  about  the  axis  of  the  cylinder  and  measuring  the  rotation,  0,  of  the  end  of  the  cylinder 
corresponding  to  that  torque.  The  theory  (reference  1)  requires  the  constant  C3  3 relating 
the  shear  stress  resultant,  N!2,  to  the  shear  strain,  el2,  as 

Ni  a = C3  3€j  j 

Again  C33  is  the  slope  of  the  stress  resultant-strain  curve  and  can  be  computed  from 
the  torque-rotation  curve  generated  from  the  torsion  test  by  the  expression 

C33  = lg  AT/2*a3  A 0 

where  AT  and  A0  are  respectively  increments  of  applied  torque  and  specimen  rotation. 
The  parameters  lq  and  a are  as  defined  above  and  for  the  test  conducted  have  the  values 
0.25-m  and  0.032-m  respectively.  Typical  torqi.e  and  rotation  plots  from  these  tests  are 
shown  in  Figure  10. 
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Figure  8.  Typical  Force  and  Elongation  Recordings  From  Tension  Test 
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Figure  10.  Typical  Torque  and  Rotation  Recordings  From  Torsion  Test 
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DISCUSSIOi  OF  RESULTS 


In  this  section  we  will  present  the  experimental  results  obtained  with  the  procedures 
just  described  and  compare  the  experimental  results  on  beam  performance  to  the 
predictions  of  the  theory  previously  developed  and  reported  in  reference  1. 

Material  Properties 

The  behavior  of  the  elastic  modulus  and  the  shear  modulus  as  a function  of  pressure 
level  3 shown  in  Figure  11  where  the  symbols  denote  the  average  of  the  values  given 
for  each  pressure  in  Tables  I and  II.  These  results  are  presented  in  tfre  nondimensional 
form  used  in  the  theory.  The  moduli  and  pressure  parameter  are  nondimensional  ized 
using  , which  represents  the  magnitude  of  C, , , the  elastic  modulus,  for  zero  pressure. 
The  pressure  parameter  which  is  used  throughout  this  section  is  the  nondimensional  axial 
stress  resultant  in  the  cylinder  due  to  internal  pressure  loading  and  is  given  in  terms  of 
the  pressure,  P,  and  the  cross  section  radius,  a,  as: 

n — Pa/2C  1 1 

where  n denotes  the  pressure  parameter.  In  Figure  11  the  experimental  results  for  both 
the  nylon  and  dacron  fabrics  are  denoted  by  the  symbols  and  the  least  squares  linear 
fit  of  this  data  used  in  the  theory  are  shown  both  graphically  and  mathematically.  Also 
giver  are  the  values  of  C| , as  determined  from  the  linear  fit.  Examination  of  this  data 
indicates  that  the  elastic  modulus  of  nylon  is  independent  of  pressure  while  that  for  dacron 
and  the  shear  modul  i s for  both  materials  vary  with  pressure.  It  is  also  apparent  that 
the  shear  modulus  or  stiffness  of  the  fabrics  is  small  being  from  2 to  12  percent  of  the 
elastic  nodulus. 


Behavior  of  Beams  Undar  Load 

The  results  of  the  bendings  tests  for  beams  having  length  to  diameter  ratios  of 
approximately  9,  14  and  IB  are  shown  graphically  in  Figures  12,  13  and  14.  The 
experimental  data  on  which  these  plots  are  based  is  presented  in  Tables  III  to  VIII.  Each 
of  these  figures  contain  plots  of  the  nondimensional  flexibility  and  the  nondimensional 
wrinkling  load  as  functions  of  the  nondimensional  pressure  parameter.  The  experimental 
results  are  denoted  by  the  symbols  and  the  curves  represent  the  behavior  predicted  by 
the  theory  presented  in  reference  1.  The  flexibility  is  the  deformation  per  unit  load 
and  the  wrinkling  load  is  defined  as  the  load  for  which  the  maximum  compressive  stress 
resulting  from  bending  is  equal  in  magnitude  to  the  tensile  stress  resulting  from 
pressurization;  thus  any  furthor  increase  in  the  bending  load  would  cause  wrinkling  of 
the  fabric.  The  flexibility  and  the  wrinkling  load  are  then  respectively  measures  of  the 
deformation  behavior  and  the  load  carrying  capaciaty. 
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Figure  11.  E!as*:c  Modulus  and  Shear  Modulus  Ratios  as  a Function  of  Pressure 
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igura  13.  Beam  Flaxibslity  and  Wrinkling  Load  as  a Function  of  Pressuie  (//a  s 14) 
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Figure  14.  Beam  Flexibility  and  Wrinkling  Load  as  a Function  ot  r tessure  (//a  = 18) 


For  all  three  geometries  both  the  theoretical  and  experimental  results  show  the 
flexibility  varying  inversely  wr*i  the  pressure  and  the  wrinkling  load  increasing 
monotonically  w^th  pressure.  It  can  be  seen  clearly  that  the  wrinkling  load  increases 
more  rapidly  than  a linear  function  with  pressure  and  it  was  shown  in  reference  1 that 
for  the  uniformly  loaded  beam  the  wrinkling  load  increased  quadratictlly  with  the  pressure. 

The  agreement  between  the  experimental  resuits  and  the  theoretical  predictions  is 
acceptable.  However,  two  exceptions  are  observed,  these  being  the  rather  poor  agreement 
between  experimental  data  and  prediction  in  the  wrinkling  load  for  the  shortest  nylon 
beam  and  in  the  flexibility  for  the  longest  dacron  beam.  However,  in  both  cases  the 
companion  comparisons,  that  is  the  flexibility  for  the  shortest  nylon  beam  and  the 
wrinkling  load  for  the  longest  dacron  beam,  are  in  good  agreement.  Thus  these  cases 
of  poor  agreement  are  felt  so  be  some  anomalous  behavior  in  the  experimental  results 
and  not  poor  predictions  from  the  theory.  The  differences  between  theory  and  experiment 
can  be  attributed  to  a number  of  factors,  namely,  the  likely  difference  between  the  degree 
of  fixity  of  end  supports  assumed  in  the  theory  and  that  attainable  experimentally,  possible 
nonlinear  behavior  of  the  material  under  stress  and  effect  of  changes  in  the  oriental' on 
of  the  fabric  caused  by  twisting  of  the  cylinder  when  pressurized.  This  last  effect  is 
unique  to  fabric-type  structures  and  is  thought  to  be  the  result  of  skewness  or 
nonorthogonality  of  tne  yams.  The  problem  of  obtaining  truely  fixed  ends  experimentally 
is  a common  one  in  structural  testing.  Experimental  simulations  are  typically  more  flexible 
due  to  the  difficulty  of  restraining  rotation.  Thus,  it  is  expected  that  the  experimental 
results  will  have  higher  flexibilities  than  the  theory  and  this  is  generally  true  for  the  results 
presented. 

The  differences  between  the  results  for  the  nylon  and  dacron  beams  shown  on  each 
of  Figures  12,  13  and  14  are  the  result  of  the  small  geometric  differences  and  the  difference 
in  the  elastic  and  shear  moduli  3$  shown  on  Figure  11. 

To  see  how  well  the  theory  represented  the  distribution  of  displacement  along  the 
length  of  the  beam  experimental  measurements  of  displacement  were  made  at  5 points 
on  the  longest  nylon  beam.  The  results  and 
the  comparison  with  theory  are  shown  in  the 
table.  Because  the  objective  was  to  compare 
distributions  the  experimental  and  theoretical 
results  have  been  normalized  independently 
by  dividing  by  the  midspan  (x/l  = 0.0) 
deflection.  These  results  indicate  that  the 
theory  represents  the  distribution  quite  well. 

The  largest  difference  between  theory  and 
experiment  occurs  near  the  fixed  end  and  is 
believed  caused  by  the  incomplete  fixity  of 
the  ends  against  rotation. 


W/W0 


x/l 

Exp. 

Theory 

1.0 

— 

0.0 

0.8 

0.23 

0.17 

0.6 

0.46 

0.39 

0.4 

0.64 

0.61 

0.2 

0.83 

0.83 

0.0 

10 

1.0 
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The  good  agreement  between  theory  and  experiment  for  beams  of  two  different 
materials  and  over  a range  of  geometries  and  pressure  levels  establishes  the  validity  of 
the  theory  described  in  reference  1 for  predicting  the  deformation  and  load  carrying 
capacity  of  pressure  stabilized  beams. 


CONCLUSIONS 


Experimental  and  theoretical  results  have  been  presented  depicting  the  behavior  of 
pressure  stabilized  beams  under  load.  The  agreement  between  these  experimental  and 
theoretical  results  establishes  that  the  theory  reported  in  reference  1 which  is  based  on 
linearization  about  the  pressurized  state,  elementary  beam-type  displacement 
approximations  and  utilizing  a linear  continuum  mechanics  stress-strain  law  for  fabric 
materials  is  adequate  for  the  prediction  of  the  deformation  and  load  carrying  capacity 
of  pressure  stabilized  beams. 
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ELASTIC  AND  SHEAR  STIFFNESS  DATA  FOR  DACRON  FABRIC 


ELASTIC  AND  SHEAR  STIFFNESS  DATA  FOR  NYLON  FABRIC 
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BENDING  TEST  DATA  FOR  DACRON  BEAM  WITH  p * 9.2 
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BENDING  TEST  DATA  FOR  DACRON  BEAM  WITH  p - 13.2 
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BENDING  TEST  DATA  FOR  NYLON  BEAM  WITH  p - 14.0 
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